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Abstract 
 
The effects of particulate matter on environment and public health have been widely studied in recent years. A 
number of studies in the medical field have tried to identify the specific effect on human health of particulate 
exposure, but agreement amongst these studies on the relative importance of the particles’ size and its origin 
with respect to health effects is still lacking. Nevertheless, air quality standards are moving, as the 
epidemiological attention, towards greater focus on the smaller particles. Current air quality standards only 
regulate the mass of particulate matter less than 10 μm in aerodynamic diameter (PM10) and less than 2.5 μm 
(PM2.5). The most reliable method used in measuring Total Suspended Particles (TSP), PM10, PM2.5 and PM1 is 
the gravimetric method since it directly measures PM concentration, guaranteeing an effective traceability to 
international standards. This technique however, neglects the possibility to correlate short term intra-day 
variations of atmospheric parameters that can influence ambient particle concentration and size distribution 
(emission strengths of particle sources, temperature, relative humidity, wind direction and speed and mixing 
height) as well as human activity patterns that may also vary over time periods considerably shorter than 24 
hours. A continuous method to measure the number size distribution and total number concentration in the range 
0.014 – 20 μm is the tandem system constituted by a Scanning Mobility Particle Sizer (SMPS) and an 
Aerodynamic Particle Sizer (APS). In this paper, an uncertainty budget model of the measurement of airborne 
particle number, surface area and mass size distributions is proposed and applied for several typical aerosol size 
distributions. The estimation of such an uncertainty budget presents several difficulties due to i) the complexity 
of the measurement chain, ii) the fact that SMPS and APS can properly guarantee the traceability to the 
International System of Measurements only in terms of number concentration. In fact, the surface area and mass 
concentration must be estimated on the basis of separately determined average density and particle morphology. 
Keywords: SMPS-APS tandem system, gravimetric reference method, uncertainty budget, ultrafine particles. 
 
 
 
1. Introduction 
 
Epidemiological and toxicological studies have 
shown strong links between particulate matter (PM) 
and health effects despite a lack of complete 
agreement concerning which particle properties 
have the greatest impact. The increasing interest in 
PM health effects has provided a guideline for the 
regulatory authorities and the air quality 
management community in the definition of new 
threshold air quality standards, resulting in a shift in 
focus towards smaller particles. Current air quality 
standards only consider the mass of particulate 
matter with aerodynamic diameter less than 10 μm 
(PM10) and 2.5 μm (PM2.5) [1-3]. The most reliable 
method used in measuring total suspended particle 
(TSP), PM10, PM2.5 and PM1 is the gravimetric 
method, as it directly measures PM concentration 
guaranteeing an effective traceability to the 
International System [4]. Unfortunately, this 
technique is not able to effectively allow the 
resulting concentration data to be related to events 
which occur over time periods shorter than 24 
hours. Such events include daily variations in 
atmospheric parameters and human activities known 
to strongly influence particle concentration and size 
distribution. A continuous method to estimate the 
particle mass is the tandem system consisting of the 
Scanning Mobility Particle Sizer (SMPS) and the 
Aerodynamic Particle Sizer (APS). This system 
measures number size distribution and total number 
concentration in a wide range (0.014 – 20 μm) and 
is also able to estimate the surface area and mass 
size distributions by hypothesizing a spherical shape 
and constant value of the particle density [5-7]. 
An analysis should be carried out in order to 
characterize the SMPS-APS tandem system, also 
because, in the recent years, this instrumentation has 
been improved in order to properly detect the 
aerosol size distribution and, hence, the mass 
distribution and total concentration [8].  
In the present paper, the uncertainty budget model 
in the measurement of airborne particle number, 
surface area and mass size distributions is presented 
and applied for several typical aerosol size 
distributions obtained by Australian researchers at 
Queensland University of Technology (QUT) of 
Brisbane [9, 10]. 
 
2. Methodology and experimental apparatus 
 
The aerosol samples here analysed were collected as 
part of a long-term monitoring programme 
conducted by the Queensland University of 
Technology (QUT). The spectra were collected 
either at the Air Monitoring and Research Station 
(AMRS) located in the Central Business District 
(CBD) of the subtropical city of Brisbane, or at 
various locations in the vicinity of Brisbane, in 
South East Queensland. While monitoring at the 
AMRS is conducted on a continuous basis using 
state-of-the-art instrumentation for size 
classification of particles, the field measurements 
were limited in scope and in some cases were 
comprised of one full day of testing. Details of the 
Station characteristics and sampling procedures, as 
well as some conclusions from the monitoring 
programme have been reported elsewhere [9, 10], 
and only some general aspects of these are outlined 
below. The size characteristics of submicrometer 
(0.016-0.626 μm size range) and supermicrometer 
(0.7-30 μm size range) environmental aerosols were 
measured using the TSI Model 3934 Scanning 
Mobility Particle Sizer (SMPS) and the TSI Model 
3310A Aerodynamic Particle Sizer (APS), 
respectively. The operating conditions used for the 
SMPS sample collections for all of the 
measurements included a monodisperse air flow rate 
of 0.3 L min-1 and scan time of 90 s, and for the 
APS scan times of 20 s. Sampling by the SMPS and 
APS at the AMRS was conducted daily over a 
period of three years, at 9:30 AM and 4:30 PM, and 
triplicate samples have been collected at each 
sampling event. However, for days characterised by 
notable atmospheric and/or meteorological 
conditions, for instance hazard reduction burning, 
haziness, fog, etc., as well as for days characterised 
by average conditions, measurements have been 
made at regular intervals (15 min) during the entire 
day. The number of measurements made at the 
Station total in excess of 5000. Samples collected by 
the SMPS and APS for the field measurements were 
collected in triplicate at 30 min regular intervals 
throughout the day. Each of the field measurements 
was conducted over 8 h periods on a single day. The 
number of measurements collected at each site 
totalled to no fewer than 100 measurements. 
A detailed description of the kind of aerosol 
sampled is reported in [9, 10]. The following 
influenced aerosol types were considered: 
a) marine; 
b) modified background; 
c) suburban background 
d)  traffic; 
e) urban; 
f) vegetation burning; 
 
A brief description of the sampling sites is reported 
as follows: 
a) Moreton Island is located 15 km east of Brisbane 
and is only accessible by water or air transport. 
The aerosols were here considered to be marine 
influenced. 
b) The Brisbane Forest Park is located 15 km to the 
west of the Brisbane CBD, away from the 
influences of both traffic and urban type 
aerosols. The measurements presented here are 
only from the morning study of these aerosols. 
c) Scarborough is a bayside suburb located 
approximately 25 km north of the Brisbane 
CBD. The choice of location for measurements 
in this suburb also minimized the influences of 
traffic and urban type aerosols. The aerosols 
measured in Scarborough were described as 
suburban background aerosols 
d) Roadside measurements were made adjacent 
(within 15 m) to major arterial routes including 
Ipswich Rd, the South-East Freeway and the 
Western Freeway during peak hour traffic 
conditions  
e) The AMRS is situated on the 6th floor of a 
building in the Gardens Point Campus, QUT, 
within the Brisbane CBD at a distance of 210 m 
from the South-East Freeway. 
f) Hazard reduction burning is practiced in the 
forest areas and the farming land to the west of 
the urban areas of Brisbane during the lighter 
wind periods in autumn to spring. On these 
occasions, the city may be blanketed by smoke 
carried on the drainage flows. Samples collected 
under these conditions were designated as 
vegetation burning influenced aerosols. 
 
2.1 Scanning Mobility Particle Sizer 
 
A Scanning Mobility Particle Sizer consists of an 
Electrostatic Classifier and a Condensation Particle 
Counter. In the Electrostatic Classifier a radioactive 
source, Kr-85 gas, imposes a Boltzmann charge 
distribution on the aerosol. The aerosol then passes 
through the Differential Mobility Analyzer. Here an 
electric field acts on the charged particles such that 
they are classified according to their electrical 
mobility equivalent diameter and the resulting size 
selected particles then pass to the CPC [11]. In the 
CPC, particles are counted by means of an optical 
detector using the scattered light of a laser diode 
focused onto the particle beam [11]. The particle 
number concentration for every channel (nSMPS,i), 
which represents an interval in terms of equivalent 
mobility diameter, is calculated from the channel 
raw count of the CPC ( ic′ ) through the CPC dilution 
factor (φ ), the sampling time (ti), the sampling flow 
rate (θ) and the counting efficiency (ηi) as: 
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where dve,i represents the equivalent volumetric 
diameter (the diameter of a sphere having the same 
volume of the particle under examination), ρp is the 
particle density, dNi/dlogdve,i is the normalized 
number concentration for each channel and Δwi 
represents the channel width. In this study the 
hypothesis of spherical particle has been taken into 
account: with this approximation volumetric and 
mobility diameter are considered equal [7, 12]. 
The total mass concentration through the SMPS 
(MSMPS) is obtained as the sum of the N channel 
mass concentrations, 
,
1
N
SMPS SMPS i
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The sampling time for channel (ti) is a function of 
the aerosol-sheath flow rate ratio, the up-scan time, 
the size range width and the shape of the transfer 
function [13]. The sample efficiency factor per 
channel (ηi) is evaluable as the product of the DMA 
efficiency (ηDMA,i), CPC efficiency (ηCPC,i) and 
SMPS diffusion efficiency (ηdiff,i): 
, , ,i DMA i CPC i diff iη η η η= ⋅ ⋅ .   (4) 
The DMA efficiency (ηDMA,i) takes into account the 
charging¸ impactor and DMA transfer function 
efficiencies. In particular, the charging efficiency is 
the fraction of particles having an elemental positive 
charge: it is evaluated through the Boltzmann 
equilibrium distribution [11]. The SMPS diffusion 
efficiency (ηdiff,i) takes into account the diffusion 
losses of particle in the tubes carrying aerosol from 
the Electrostatic Classifier aerosol inlet to CPC’s 
optical chamber: it depends on the particle diffusion 
coefficient, the tube length and the flow rate [14]. 
The CPC counting efficiency (ηCPC,i) provides the 
estimation of the miscounted particles fraction due 
to their very small size which makes them 
undetectable for the optical detector. The scientific 
literature has previously examined the counting 
efficiencies of different CPC models [15-16]. 
 
2.1.1 Mass concentration uncertainty budget 
In the present paper a description of only the mass 
concentration uncertainty budget is shown. The 
corresponding number and surface area 
concentration uncertainties can be evaluated in a 
similar way. Applying the ISO-Guide [17] to eq.(2), 
mass concentration uncertainty for every channel 
(um-SMPS,i) has been evaluated as: 
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where the mass concentration uncertainty 
contributions, um-SMPS,i (xi), are related to the 
uncertainties of the single xi sources, ui(xi), through 
the sensitivity coefficients, ,SMPS i im x∂ ∂ , as: 
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The total mass concentration uncertainty budget (uM-
SMPS) is estimated as  
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where the θ, φ  and ρp contributions being channel 
independent and therefore fully correlated, are 
simply summed in the total uncertainty; and the 
remaining contributions being channel specific are 
hypothesized to be uncorrelated. 
The uncertainty contribution of the volumetric 
diameter, um-SMPS,i (dve,i) has to be determinate 
considering the Electrostatic Classifier. In fact, the 
uncertainty on the size is only due to the 
misclassification of the particles through the DMA 
column. This uncertainty contribution was estimated 
by [18-19] for 100 and 60 nm SRM® spheres. A 
relative uncertainty for every channel of ±0.95% is 
assumed in the present paper as a consequence of 
the results of [18] for 100 nm spheres. In particular 
the aerosol-sheath flow rate ratio of 0.1 adopted in 
[18], is the same used in the present study, whereas 
a 0.025 ratio is reported in [19].  
The aerosol flow rate uncertainty, um-SMPS,i (θ) and 
the counting uncertainty were evaluated on the basis 
of the TSI Inc. CPC specifications. The counting 
efficiency uncertainty, outcomes from the above 
reported three contributions ηdiffusion, ηDMA and ηCPC. 
The DMA efficiency uncertainty is hypothesized 
already included in the diameter classification 
uncertainty [18]; the diffusion efficiency (ηdiffusion) 
has been used to correct the SMPS measurements 
through the diffusion correction tool. An uncertainty 
of this correction model has been estimated as 
±10%. The model uncertainty of the CPC counting 
efficiency correction is evaluated as ±10%. The 
uncertainty contribution of the sampling time is 
evaluated negligible as well as the flow rate ratio 
matching [19]. 
As regards particle density, a value of 1.7 g cm-3 
was considered in the environmental aerosol mass 
concentration estimation, with the exception of the 
marine influenced aerosol where a 2.2 g cm-3 value 
was imposed. Literature studies, in fact, use particle 
density in the size range 1.5 - 1.8 g cm-3 [5-7]. The 
uncertainty associated to density value, um-SMPS,i (ρp) 
has been calculated hypothesizing a variation of 
±0.5 g cm-3 as extended uncertainty (±29.4% in 
terms of relative extended uncertainty). 
 
2.2 Aerodynamic Particle Sizer 
 
The Aerodynamic Particle Sizer measures particle 
number concentration in the 0.5 – 20 µm range size. 
The measurement is based on the time of flight 
(TOF) calculation (average velocity across the 
timing gate) of the particle at the exit of an 
accelerating nozzle. The aerosol is drawn into the 
inlet and is immediately split into a sample flow (1 
L min-1), through an inner nozzle, and a sheath flow 
(4 L min-1), through an outer nozzle. The filtered 
sheath flow is reunited with the sample flow at the 
accelerating orifice nozzle. This flow confines the 
sample particles to the center stream and accelerates 
the air flow around the particles. Particle inertia 
causes the particle velocity to lag behind the 
velocity of the entraining gas. Particle velocity is 
measured in the optics chamber which provides 
particle aerodynamic sizing. As particles exit the 
nozzle, they cross through two partially overlapping 
laser beams in the detection area. Light is scattered 
as each particle crosses through the overlapping 
beams and an elliptical mirror, placed at 90 degrees 
to the laser beam axis, collects the light and focuses 
it onto an avalanche photodetector (APD). The APD 
then converts the light pulses into electrical pulses. 
The use of two partially overlapping laser beams 
results in each particle generating a single two-
crested signal. Peak-to-peak time-of-flight is 
measured with a 4-nanosecond resolution for 
aerodynamic sizing [20]. 
The APS measures the number of particle for every 
channel. For each channel, the raw count ( ic′ ) is 
related to the final concentration (n) through the 
dilution factor (φ , ratio between the total flow rate 
θtot and the aerosol flow rate θaerosol), the sampling 
time (t) and the counting efficiency (ηi) as: 
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As for the SMPS, mass concentration for the i-
channel (mAPS,i) is calculated from number channel 
concentration (nAPS,i) through: 
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where dve,i represents the channel equivalent 
volumetric diameter and ρp is the particle density. 
The APS provides the measurement in terms of 
aerodynamic diameter dae,i. The relationship 
between aerodynamic and volumetric diameter has 
been evaluated for spherical particles by [7]: 
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where ρ0 is the reference density (1 g cm-3), χi is the 
shape factor, Cc(dae,i) and Cc(dve,i) are the slip 
correction factors referred to the aerodynamic and 
the volumetric diameter, respectively and defined in 
Allen and Raabe, 1985. 
The total mass concentration by means of APS 
(MAPS) is calculated as the sum of the N channel 
mass concentrations, 
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2.2.1 Mass concentration uncertainty budget 
In the present paper a description of only the mass 
concentration uncertainty budget is shown. The 
corresponding number and surface area 
concentration uncertainties can be evaluated in a 
similar way. Applying the ISO-Guide (ISO/IEC 
Guide 98-3:2008) to eq.(9), total mass concentration 
uncertainty (um-APS) is evaluated as 
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where the mass concentration uncertainty 
contributions, um-APS,i (xi), are related to the 
uncertainties of the single xi sources, ui(xi), through 
the sensitivity coefficients, ,APS i im x∂ ∂ : 
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i
m
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The total mass concentration uncertainty budget (uM-
APS) is estimated as:  
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Where the t, ρp and θ contributions, being channel 
independent and therefore fully correlated, are 
simply summed in the total uncertainty; and the 
remaining contributions being channel specific are 
hypothesized to be uncorrelated. 
The aerosol flow rate uncertainty, um-APS,i (θ) has 
been evaluated on the basis of the TSI Inc. APS 
specifications: the expanded uncertainty is reported 
to be ±10%. The counting uncertainty budget, um-
APS,i (ηi) mainly depends on the concentration 
accuracy: its extended uncertainty is reported to be 
±10%. The counting efficiency has been carefully 
evaluated by [21] for both solid and liquid particles: 
for solid particles, counting efficiencies ranged 
between 85% (at 0.8 µm) and 99%. For liquid 
droplets, counting efficiencies progressively decline 
from 75% at 0.8 µm to 25% for 10 µm drops. In the 
present study a relative uncertainty of ±10% of the 
APS counting efficiency correction model has been 
adopted. 
The uncertainty in volumetric diameter, um-APS,i (dve,i) 
can be evaluated on the basis of the relationship 
between volumetric diameter and aerodynamic 
diameter (dae,i) for spherical particles reported in eq. 
(10). The volumetric diameter uncertainty due to 
this transformation is evaluated as: 
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The diameter resolution can be obtained through the 
typical monotonic Time-of-Flight Response for APS 
(TSI Inc., 2004). The calibration curve is a 
continuous curve relating the TOF of the particles to 
the corresponding aerodynamic diameters. 
Consequently, the TOF resolution uncertainty 
represents a very small amount in respect to the 
channel width. The particle’s probability (P) to be 
counted in the closer channels is calculated as: 
i i
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TOF
P
TOF TOF
= −   (16) 
where TOFupper bound and TOFlower bound are the TOFs 
corresponding to the boundary diameters for the i-
channel through the monotonic Time-of-Flight 
Response for APS 3321 (TSI Inc., 2004). The 
diameter uncertainties are estimated through a 
rectangular distribution. The resulting diameter 
uncertainty is  
( ) ( ) , ,,
, 1 , 1
1
2 3 '
                                         (17)
2 3 '
i iae upper bound ae lower bound
ae i
ae i ae i
d d
u d P
c
d d
P
c
+ −
−⎛ ⎞= − +⎜ ⎟⎜ ⎟⎝ ⎠
⎛ ⎞−+ ⎜ ⎟⎜ ⎟⎝ ⎠
According to the literature studies, the particle 
shape factor (χ) can vary as a function of the origin 
of the aerosol [22]. The knowledge of the aerosol 
sampled can reduce the uncertainty of the shape 
factor. In the present uncertainty model, ±10% 
relative uncertainty is assumed for the shape factor. 
The density uncertainty has been estimated as in the 
SMPS section: it is evaluated to be ±29.4%. 
The slip correction factor uncertainty is evaluated 
through the analysis reported in [18]. In that study 
an uncertainty of 0.08 nm was associated with the 
slip correction factor when measuring 100 nm NIST 
SRM 1963 particles. Thus, in the present study a 
value of ±0.8% has been adopted for both slip 
correction factors (Cc(dae) and Cc(dve)) for every 
channel size. Sampling time and unit density 
uncertainties are considered negligible in respect to 
the other parameters. 
The above presented uncertainty models for SMPS 
and APS spectrometers are used to estimate the 
overall tandem uncertainty. The SMPS and APS 
total mass concentrations are summed by comparing 
the uncertainties. Then the tandem total mass 
concentration and its absolute expanded uncertainty 
(k=2, level of confidence 95%) are calculated as: 
tandem tandem
2 2                            
SMPS
APS M SMPS M APS
M U M
M U U− −
± = +
+ ± +
 
 (16) 
The total mass concentration obtained with the 
tandem is referred to the 0.014 – 20 µm range.  
 
3. Results and Discussion 
 
The number, surface area and mass distribution for 
the aerosols sampled and the corresponding 
combined expanded uncertainties are reported in 
Fig. 1. In most of the cases, there is a distinct 
nucleation mode in the number size distribution. An 
inflection or peak also occurs in most of these 
distributions between 100 and 500 nm. This 
inflection translates to a prominent mode in the 
volume/mass size distribution that effectively masks 
any volume-based peak that may have occurred in 
the nuclei mode. All of the aerosol mass size 
distributions are bimodal and although the number 
size distributions are different for each aerosol 
studied, the mass size distributions are similar. 
  
 
a) b)
c) d)
e) f)
Fig. 1 – Number, surface area, mass distributions and expanded combined uncertainties for the influenced aerosol 
analyzed: a) marine, b) modified background, c) suburban background, d) traffic, e) urban, f) vegetation burning 
Tab. I – Uncertainty budget for the SMPS/APS tandem system in the measurement of the mass concentration 
(PM10) for the urban influenced aerosol 
Standard Mobility Particle Sizer (SMPS) 
Quantity (x) Uncertainty value Distribution 
Relative contribution to the 
standard uncertainty (%) 
( )2 2,
1
N
m SMPS i M SMPS
i
u x u− −
=
∑  
Raw count (c’) ±10% normal 0.4·10-2 
Sampling flow rate* (θ) ± 0.015 L min-1 normal 0.9·10-2 
Diffusion efficiency correction (ηdiff) ±10%  0.5·10-2 
CPC efficiency correction (ηCPC) ±10% rectangular 0.5·10-2 
DMA efficiency correction (ηDMA) Included in volumetric diameter uncertainty 
Sampling time* (t) negligible 
Particle density* (ρp) ± 0.5 g cm-3 rectangular 97.7·10-2 
Volumetric diameter (dve) ± 0.95% rectangular - 
Flow ratio (φ) negligible 
Aerodynamic Particle Sizer (APS) 
Quantity (x) Uncertainty value Distribution 
Relative contribution to the 
standard uncertainty 
( )2 2,
1
N
m APS i M APS
i
u x u− −
=
∑  
Raw count (c’) ±10% normal 0.2·10-2 
Aerosol flow rate* (θaerosol) ±10% normal 7.4·10-2 
APS efficiency (η) ±10% rectangular 0.3·10-2 
Sampling time* (t) negligible  - 
Particle density* (ρp) ± 0.5 g cm-3 rectangular 85.8·10-2 
Volumetric diameter (dve) 
uncertainty combination of Cc(dae), 
Cc(dve), χ, ρp and ρ0 uncertainties 
6.3·10-2 
* Fully correlated contributions 
 
In Table I, as an example, the uncertainty budget for 
the SMPS and APS in the measurement of the mass 
concentration (PM10) for the urban influenced 
aerosol is reported. For both instruments, the 
particle density uncertainty represents the main 
contribution to the total mass concentration 
uncertainty. For the APS, a non-negligible 
contribution comes from the aerosol flow rate.  
A comparison of the relative expanded combined 
uncertainty in the measurement of the total number, 
surface area and mass (PM10) concentrations for 
each aerosol type is shown in Table 2. The relative 
uncertainty in the measurement of the number 
concentration is quite constant regardless of aerosol 
type and equal to about 5%. Greater differences are 
found for surface area (between 5.0% and 10%, 
with the maximum value corresponding to marine 
influenced aerosol) and mass concentration 
(between 28% and 35%, with highest values 
corresponding to suburban and urban influenced 
traffic aerosols). 
 
Tab. II – Relative expanded combined uncertainty 
in the measurement of the total number, surface area 
and mass (PM10) concentrations for the influenced 
aerosol type analyzed 
Influenced 
aerosol type 
Relative expanded 
combined uncertainty 
Number Surface area PM10 
marine 4.8·10-2 9.8·10-2 28.8·10-2 
modified background 4.7·10-2 4.6·10-2 30.3·10-2 
suburban background 4.9·10-2 7.1·10-2 35.4·10-2 
traffic 5.0·10-2 4.5·10-2 27.7·10-2 
urban 4.9·10-2 5.0·10-2 33.8·10-2 
vegetation burning 4.4·10-2 5.1·10-2 28.4·10-2 
 
4. Conclusions 
 
In this paper an estimation of the uncertainty in the 
measurement of number, surface area and mass 
distribution is carried out for typical aerosols 
collected as part of a long-term monitoring 
programme conducted by the Queensland 
University of Technology (QUT) [9, 10]. The 
uncertainty budget model of the instrumentation (a 
Scanning Mobility Particle Sizer and an 
Aerodynamic Particle Sizer), reported in detail in 
[8], is applied. The uncertainties in number, surface 
area and mass (PM10) concentrations show mean 
values of 5%, 8% and 30% respectively. The 
uncertainty in surface area and mass concentration 
depends on the type of aerosol. 
The authors point out that this analysis has been 
carried out assuming a spherical particle 
morphology. Future development should deepen 
morphological aspects to strongly reduce the shape 
factor uncertainty contribution. In particular this 
could be very important for SMPS measurements 
where the presence of aggregate structures can 
strongly affect the total mass concentration 
evaluation. Finally, aerosol density is the main 
uncertainty source in evaluating the total mass 
concentration uncertainty for the tandem 
configuration: for this reason, a direct density 
measurement can seriously reduce the total mass 
concentration uncertainty. 
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